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ABSTRACT 

HaloSat is the first CubeSat for astrophysics funded by NASA's Science Mission Directorate and is designed to map 

soft X-ray oxygen line emission across the sky in order to constrain the mass and spatial distribution of hot gas in the 

Milky Way. HaloSat will help determine if hot halos with temperatures near a million degrees bound to galaxies make 

a significant contribution to the cosmological budget of the normal matter (baryons). HaloSat was deployed from the 

International Space Station in July 2018 and began routine science operations in October 2018. We describe the on-

orbit performance including calibration of the X-ray detectors and initial scientific results including an observation of 

a halo field and an observation of solar wind charge exchange emission from the helium-focusing cone. 

 

INTRODUCTION 

HaloSat is a 6U CubeSat that is currently performing an 

all-sky survey of line emission from highly ionized 

oxygen with the goal of measuring the baryonic mass of 

the Milky Way's halo.  As of this writing, the HaloSat 

spacecraft and science instrument are operating well and 

the primary mission of mapping soft X-ray line emission 

from highly ionized oxygen is underway.   

HaloSat consists of a science instrument that is a wide-

field, soft X-ray spectrometer and a spacecraft bus that 

provides power, attitude control, communications, and 

control and data handling.  The design, construction, and 

environmental testing of HaloSat were described 

previously.1  Here, we provide brief summaries of the 

mission goals and science instrument design and then 

describe the on-orbit performance of the instrument and 

the first science results. 

MISSION GOALS 

Baryons are particles with three quarks. The only stable 

baryons are protons and also neutrons bound within 

atomic nuclei. The cosmic microwave background 

shows the universe when it was 400,000 years old and 

reveals that the universe was homogeneous with a 

temperature near 3000 K and that baryons constituted 

4.87%±0.18% of the total mass/energy present.2 In the 

present-day universe, baryons are present at many 

different temperatures, complicating the task of 

identifying them all.  The best available census reveals 

only two thirds of the baryons seen in the early 

Universe.3  The missing baryons are thought to be gas at 
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millions of degrees Kelvin.  They may be in halos 

gravitationally bound to individual galaxies, in filaments 

stretching between galaxies, or some combination.4,5 

The primary science goal of HaloSat is to estimate the 

mass of the hot halo surrounding our Milky Way galaxy.  

At temperatures near 106 K, the most cosmically 

abundant elements, hydrogen and helium, are 

completely ionized.  HaloSat is designed to measure line 

emission from oxygen, the third most abundant element.  

Oxygen at 106 K is highly ionized with only one or two 

electrons remaining bound and produces strong emission 

lines near 574 eV (a triplet of lines from six times ionized 

oxygen denoted O VII) and 654 eV (a doublet from O 

VIII) in the soft X-ray range. The Milky Way’s halo fills 

the entire sky, thus very modest angular resolution of 15° 

or less is required to map the emission. HaloSat will 

survey at least 75% of the sky with a goal of surveying 

the entire sky. 

The figure of merit for observing diffuse emission is a 

telescope’s field of view times its effective area, or 

‘grasp’. HaloSat uses three small detectors. Each has an 

effective area for X-rays of 600 eV of about 8 mm2, 

roughly the size of the pupil of a human eye.  However, 

HaloSat’s field of view is near 100 square degrees, 

enabling it to efficiently survey the sky. The grasp of 

HaloSat is 26 cm2 deg2. This is about 20× the grasp of 

the Chandra X-ray Observatory, NASA Great 

Observatory for the X-ray band, and about 1/12th the 

grasp of ESA’s X-Ray Multimirror Mission XMM-

Newton.  Thus, for survey efficiency, a CubeSat can be 

competitive with a major space observatory. 

The accuracy of current emission line measurements of 

the halo is limited by foreground oxygen emission 

produced by solar-wind charge exchange (SWCX), 

when energetic particles in the solar wind exchange 

charge with neutral atoms within the solar system. 

HaloSat observes towards the anti-Sun direction during 

the nighttime half of its 93-minute orbit around Earth to 

minimize this foreground.  This is not possible with 

XMM-Newton because it has a fixed solar array that 

restricts observations to a Sun angle range of 70°-110°. 

Also, HaloSat has a secondary science goal to improve 

our understanding of SWCX emission and conducts 

observations specifically devoted to this goal. 

SCIENCE INSTRUMENT 

The HaloSat science instrument consists of three 

identical detector units each containing an X-ray detector 

assembly and signal processing electronics.1 Each 

detector unit is independent of the others to eliminate 

susceptibility to single point failures. 

Silicon drift detectors (SDDs) from Amptek, Inc., are 

used by HaloSat to detect X-rays. The X-ray sensitive 

element along with a multilayer collimator and a 

thermoelectric cooler is encapsulated in a TO-8 package 

enclosed by an entrance window made of Si3N4 covered 

with a thin layer of aluminum. Energy-dependent 

window transmission is modelled based on the known 

composition and material thicknesses.  The transmission 

is about 34% at 600 eV and drops to 4% at 300 eV, 

limiting the lower energy band pass of the instrument.  

The SDD has an active area of 17 mm2 and is cooled to 

-30 C and biased to -135 V during operation.  The SDD 

provides no imaging capability.  

To minimize background from charged particle 

interactions and the diffuse X-ray background, each 

SDD is surrounded by a shield made of 1.2 mm thick 

copper-tungsten metal matrix composite electroplated 

with a 2.5 μm layer of nickel and an outer 1.3 μm layer 

of gold. The shield has a circular aperture through which 

the SDD views the sky. 

 

Figure 1: Schematic of an X-ray detector assembly 

with the SDD in gold.1 The copper-tungsten passive 

shield is shown in semi-transparent grey with red and 

green ends and a solid grey bottom panel.  The 

assembly is mounted on a ‘baseplate’ shown in blue.  

The frontend electronics are mounted on the 

underside of the baseplate in order to minimize the 

path length for signal from the SDD. 

Each detector is mounted in a compartment inside the 

instrument chassis made of aluminum.  The detector is 

mounted towards the back and there is a 0.78 mm thick 

aluminum washer at the front with a circular aperture 

that defines the field of view (FoV). The full-response 

radius was measured in ground testing to be 5.02° and 

the zero-response radius to be 7.03° with a linear 

decrease between.  The response-weighted effective 

field of view is then 0.0350 steradians.  A flat mirror on 

the front of the instrument chassis was used to measure 

the alignment between the instrument and the spacecraft. 



Kaaret 3 33rd Annual AIAA/USU 

  Conference on Small Satellites 

The charge pulse from each X-ray accumulates at the 

SDD anode and is converted to a voltage signal by a 

preamplifier with its input field-effect transistor 

mounted near the SDD and cooled. The signal is 

processed through a preamplifier and a shaping 

amplifier, both on a printed circuit board (PCB) near the 

detector, followed by lower and upper level 

discriminators, a peak hold circuit (Amptek PH300), and 

an analog to digital converter. The latter are mounted on 

a PCB that closes off the detector compartment in the 

chassis and also contains circuits for power conditioning 

and serial communications with the bus.  Pulses 

triggering the lower level discriminator are digitized and 

the pulse height and time of arrival, accurate to 0.05 s, 

are recorded.  Data handling is accomplished with a data-

processing unit (DPU) which is a Microsemi A3PE1500 

field-programmable gate array programmed with a Z180 

microprocessor core on a separate PCB.  We refer to the 

detector units using numbers encoded into their DPUs 

which are 14, 54, and 38 as viewed from left to right in 

Figure 2. 

 

Figure 2: Science instrument integrated with the 

avionics in the flight bus chassis. PCBs for analog 

electronics and DPUs are on the top of instrument 

chassis with the alignment washers and a cover over 

the optical alignment mirror at the front. The XB1 

bus is on the left. The solar array had not been 

attached at this point in the integration. 

The X-ray energy to pulse height conversion was 

measured during ground calibration with the detectors 

illuminated either by an X-ray beam with fluorescence 

emission at the F Kα line (676.8 eV) from a Teflon target 

along with lines from Al, Si, Cr, and Fe, or by a 55Fe 

radioactive source.1  Measurements were made at 

instrument temperatures ranging from -25°C and +40°C.  

The energy resolution was measured to be 88.3±3.5, 

84.3±2.8, and 82.0±1.4 eV at the F Kα line and 

138.5±2.1, 136.5±0.8, and 137.3±1.9 eV at the Mn Kα 

line for DPUs 14, 54, and 38, respectively.  Response 

matrices were prepared using the ground calibration data 

using software that models the response of silicon 

detectors.6 The software was modified for the SDDs used 

for NASA’s Neutron star Interior Composition Explorer 

(NICER) instrument and kindly provided to us by Dr. 

Jack Steiner of MIT.  The NICER SDDs are identical to 

those on HaloSat except for use of a thinner window, so 

we tuned the parameters relevant for the HaloSat SDD 

windows and created effective area versus energy files 

based on window data supplied by Amptek, Inc., and 

HS-Foils, Oy.7  Our response files are compatible with 

the Xspec spectral fitting software which is commonly 

used in X-ray astronomy.8 

SPACECRAFT BUS AND OPERATIONS 

The spacecraft bus was built by Blue Canyon 

Technologies, Inc.  (BCT) and has a 6U format with with 

roughly 4U of the volume allocated for the science 

payload, 1.5U of the volume allocated for the spacecraft 

avionics, and 0.5U of the volume allocated for the 

payload-to-spacecraft interface.  Power is provided by 

the deployable solar panels.  The bus has an attitude 

control systems with star trackers, reaction wheels, and 

torque rods that can be slewed at 2°/sec and point at 

inertial targets with an accuracy of ±0.002° (1-σ).9  An 

onboard CADET radio is used to downlink telemetry to 

and receive commands from a ground station at NASA 

Wallops Flight Facility.  A GlobalStar radio provides 

occasional housekeeping information.  Figure 2 shows 

the spacecraft bus with the science payload integrated 

with the instrument cover removed and Figure 3 shows 

several happy team members during science instrument 

integration. 

 

Figure 3: Members of the HaloSat team during 

integration at BCT.  HaloSat is visible near the 

center. 

Funding for HaloSat began in January 2016 and the 

science instrument was integrated with the spacecraft in 

October 2017.  Halosat was integrated into a Nanoracks 

deployer in March 2018, was launched in May 2018 on 

the Orbital ATK OA-9 mission, was deployed from the 

International Space Station in July 2018, see Figure 4, 

and began science operations in October 2018.  The 

longer than expected commissioning phase was largely 

due to communications issues, subsequently resolved 

with achievement of our design downlink speed of 3 

Mbps, and issues with the simultaneous commissioning 

of the three CubeSats with nearly identical orbits using a 
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single ground station.  BCT runs mission operations 

including command preparation and uplink, telemetry 

downlink, spacecraft bus state of health monitoring, and 

fault recovery.  The University of Iowa prepares the 

science observing program, monitors the instrument 

state of health, and processes all science data.  Science 

observations are carried out during the night-side half of 

each spacecraft orbit with two targets observed for about 

1300 seconds each. 

 

Figure 4: Deployment of HaloSat (on the right) with 

RainCube (on the left) from the ISS. 

ON-ORBIT PERFORMANCE 

Pointing and Field of View 

The Crab is a pulsar wind nebula powered by a young 

pulsar with a spin period of about 33 milliseconds.  The 

Crab has been used as a calibration target since the early 

days of X-ray astronomy.10  We used the Crab to measure 

the alignment between the boresights of the X-ray 

instruments and the coordinate system defined by the star 

trackers on the spacecraft bus. 

We performed a series of slew maneuvers in which the 

science instrument was pointed towards the Crab and 

then the pointing was gradually offset while the 

spacecraft roll angle was held fixed.  Eight different 

maneuvers were performed corresponding to eight 

different roll angles at equal intervals in the spacecraft 

frame.  The X-ray count rate versus offset data were 

fitted to a model matching the FoV measured on the 

ground with the FoV center being a fitted parameter.  

The count rate for DPU 54 versus radial offset from the 

fitted center for the best fitted model are shown in Figure 

5.  We found an offset of about 1.0° in the spacecraft Y 

direction from the nominal pre-flight instrument 

boresight.  This correction was applied to the pointing of 

observations obtained after 1 December 2018.  After the 

correction, another pointing test was performed and the 

fitted FoV center is consistent with the expected position 

within ±0.09° in the spacecraft X direction and ±0.18° in 

the spacecraft Y direction for all DPUs.  We conclude 

that the pointing of the X-ray boresight of HaloSat is 

accurate to ±0.2°, which is a small fraction of the FoV.  

The X-ray pointing uncertainty is dominated by the 

accuracy to which we are able to measure the relative 

alignment between the X-ray detectors and the 

spacecraft reference frame.  The median offset between 

the commanded target position during observations and 

the spacecraft pointing measured by the attitude control 

system is 0.0007°, see Figure 6.  

 

Figure 5: X-ray count rate versus pointing offset from 

the Crab for DPU 54. 

 

 

Figure 6: Histogram of pointing offsets in 8-second 

intervals. 
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Spectral Response 

To check the on-orbit X-ray energy scale calibration, we 

examined spectra obtained while observing the dark side 

of the Earth, Cassiopeia A, and the Vela supernova.  The 

dark Earth observations show an aluminum line likely 

due to fluorescence by energetic particles.  The fitted 

centroids of that line are consistent with no shift in the 

energy response relative to the ground calibration with 

statistical accuracies of 0.4% to 1.4% for the different 

DPUs. 

Cas A is a young supernova remnant (SNR) with an age 

of about 300 years and has strong emission lines from 

heavy elements in its X-ray spectrum.  X-ray emission 

lines from Mg, Si, S, and Ar were first detected with the 

solid-state spectrometer on Einstein and first mapped 

with ASCA.11,12 Cas A has been used to calibrate the 

energy scale of several X-ray instruments.13 

The HaloSat field centered on Cas A includes another 

SNR, CTB 109, and several point sources, but the 

emission is dominated by Cas A.  We extracted spectra 

of the Cas A for all three DPUs, see Figure 7, and fitted 

them in the 1.0-3.5 keV range with a model consisting of 

a powerlaw and four Gaussians with line energies fixed 

to 1.8558 keV (Si XIII), 2.4515 keV (S XV), 2.0053 keV 

(S XIV), and 2.1830 keV (Si XIII).  Line energies were 

extracted from the AtomDB database of atomic 

transitions and centroids for blends were calculated from 

their relative intensities (http://atomdb.org).  The 

continuum X-ray spectrum of Cas A is typically 

described as the sum of two thermal plasma components 

and a powerlaw, but a single powerlaw produces an 

adequate fit over the limited energy band used in the fit.  

The line widths are consistent with the energy resolution 

measured during the ground calibration.  Allowing the 

slope of the channel to energy conversion to vary 

reduced the χ2/DoF of the fit from 611.9/366 to 

589.8/363 and resulted in gain slope correction factors of 

1.0022-0.0033
+0.0009, 1.0027±0.0007, and 1.0031±0.0008 

for DPU 14, 54, and 38 respectively.  This may suggest 

a small change, 0.3% or less, in the ADC channel to 

energy conversion from the ground calibration to flight. 

The Vela SNR is one of the brightest soft X-ray sources 

and has a diameter of 8°.14  We extracted spectra in the 

0.5-3.0 keV band for each DPU for a field centered on 

Vela and including the Puppis A SNR, see Figure 8.  The 

spectra were fitted with a model consisting of absorbed 

cool and hot thermal plasma components modeled using 

the apec and vapec models in Xspec, respectively, and 

an absorbed broken powerlaw for the cosmic X-ray 

background (CXB), and a powerlaw for the instrumental 

background. Allowing the slope of the channel to energy 

conversion to vary reduced the χ2/DoF of the fit from 

610.9/362 to 583.0/359 and the gain slope correction 

factors were, again, 0.3% or less with 0.9999±0.0001, 

1.0020±0.0003, and 1.0030±0.0002 for DPU 14, 54, and 

38 respectively.  

 

Figure 7: X-ray spectra of the Cas A field. Data from all three detectors are shown as indicated by the DPU 

number in the legend, 14=black, 54=red, 38=green. Prominent emission lines are visible from Si XIII at 1.86 

keV and 2.18 keV, S XV at 2.45 keV, and S XIV at 2.01 keV.  These spectra use the ground energy scale 

calibration with no temperature correction applied. 
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We chose to use the temperature-averaged ground 

calibration for the analysis presented below. 

Effective Area 

We also use the Crab to calibrate the effective area of 

HaloSat.  The Crab is often used as a ‘standard candle’ 

in X-ray astronomy.10,13,15 However, it does exhibit 

variability of up to 7% in the 10-100 keV band on long 

time scales.16 

We extracted Crab spectra for each detector unit and 

applied the flight energy calibration described in the 

previous section.  Due to HaloSat’s large FoV, the 

spectra also contain diffuse emission, so we extracted a 

background spectrum from a nearby region centered at 

(α, δ) = (82.64°, 34.01°) (J2000) with a similar level of 

diffuse emission and no bright X-ray point sources.  The 

Crab spectrum is well modeled as a simple absorbed 

powerlaw. We used the response matrices and gain 

corrections discussed previously and the tbabs model in 

Xspec to describe the interstellar absorption.17 

The science of HaloSat is focused on line emission in the 

0.5-2.0 keV band.  The Crab flux in that band depends 

on all of the model parameters, so we prefer to directly 

compare observed fluxes rather than model parameters.  

Most of the previously published results on Milky Way 

halo emission use XMM-Newton which has two imaging 

instruments, the EPIC-MOS and the EPIC-pn.  

Unfortunately, the MOS suffers from pileup during 

observations of the Crab and the only Crab 

normalizations reported for XMM are for the EPIC-pn.  

We adopt measurements of the Crab spectrum with the 

EPIC-pn, in particular the model calculated by Kirch and 

coauthors using Wilms abundances and Verner cross-

sections, giving a flux of 9.35×10-9 erg cm-2 s-1, to 

calibrate the effective area of HaloSat.18  This flux is 

within 4% of the Crab flux of model 3* of Weisskopf 

and coauthors for the EPIC-pn.19   

We apply a correction factor to the auxiliary response 

files described above to bring the HaloSat fluxes into 

agreement with the Crab flux given by Kirch and 

collaborators.  We chose not to adjust any other response 

matrix parameters using the Crab spectrum as the strong 

interstellar absorption makes such tuning problematic 

for our energy band of interest. The fluxes for all three 

DPUs are consistent within the measurement error of 

2.5%, so a single correction factor is used. 

 

Figure 8: X-ray spectra of the Vela SNR field. 
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INITIAL HALO SCIENCE RESULTS 

The scientific goal of HaloSat is to constrain the mass 

and spatial distribution of hot gas associated with the 

Milky Way by mapping the emission in the O VII and O 

VIII lines.  The observational goal is to reach a statistical 

accuracy of ±0.5 LU on the sum of the O VII and O VIII 

line emission for fields with a line strength near 5 LU 

(where LU = line unit = photon cm-2 s-1 ster-1).   

Figure 9 shows a spectrum obtained for a high Galactic 

latitude field at (l= 166°, b= 62°) from an observation 

with an exposure of 40 ks after background and data 

quality screening.  The gain and effective area 

corrections described above were applied and the counts 

from all three detectors were summed. 

We fitted the data with a model consisting of Gaussians 

at 568.4 and 653.7 eV for the O VII and O VIII line 

emission and an absorbed thermal plasma with oxygen 

line emission removed.20  We added an absorbed double 

broken powerlaw for the CXB.21 The first broken 

powerlaw has a break energy of 1.2 keV, a photon index 

below the break of 1.54, a photon index above the break 

of 1.4, and a normalization at 1 keV fixed to 5.7 photon 

cm-2 s-1 keV-1 ster-1.  The second broken powerlaw has 

the same parameters except the photon index below the 

break is 1.96 and the normalization is free.  We also 

added a powerlaw not modified by the response matrix 

for particle background. 

We obtained a good fit with χ2/DoF = 188.8/172.  The 

free CXB normalization is 5.1±2.3 photon cm-2 s-1 kev-1 

ster-1 and the total CXB flux is in good agreement with 

previously measured values, which provides a 

confirmation of our flux normalization.22  The O VII flux 

is 3.26±0.41 LU.  The statistical accuracy meets our 

observational goal. 

In order to measure the properties of the halo, we must 

conduct similar observations over a large fraction of the 

sky, analyze the data, and then fit our measurements of 

the oxygen line intensities to models of the halo to infer 

its properties.  Our goal is to survey the entire sky, 

although only fields above and below the Galactic plane 

will be useful in constraining the properties of the halo. 

 

Figure 9: Spectrum of a halo field at (l = 166°, b = 62°) observed for 40 ks of good time with counts from all 

three detectors summed.  The lowest line at 1 keV is the instrumental background, the middle curve is the 

astrophysical spectrum, the top curve is the sum.  
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We have selected 333 observation fields that tile the sky 

given HaloSat’s field of view, see Figure 10. 

As of this writing, we have surveyed approximately one 

third of the sky with deep coverage and one third with 

shallower coverage.  We should be able to survey the 

entire sky with the operations currently planned and 

funded until October 2019.  We have applied for funding 

for a mission extension to June 2020 that would enable 

us to perform deeper observations, including a second 

measurement of the helium focusing cone as described 

in the next section. 

SOLAR WIND CHARGE EXCHANGE 

Solar wind charge exchange (SWCX) emission occurs 

when a highly charged ion of the solar wind picks up an 

electron from a neutral atom forming an excited ion that 

decays by emitting an X-ray.24 SWCX emission is 

produced within Earth’s magnetosheath and throughout 

the heliosphere. In the magnetosphere, the neutral targets 

are H atoms in the Earth’s exosphere. In the heliosphere, 

the targets are interstellar H and He atoms flowing 

through interplanetary space. The SWCX line flux is the 

integral over the line of sight of the product of the ion 

density, the neutral density, the relative velocity between 

the two, the charge exchange cross-section, and the 

individual line emission probability. The magnetosheath 

responds rapidly to changes in the solar wind flux, so its 

SWCX emission is strongly time-variable and dependent 

on observation geometry. The heliospheric emission is 

integrated over a long line of sight, effectively over a 

month of solar wind conditions, and varies more slowly. 

SWCX emission is currently the dominant uncertainty in 

the oxygen line intensity measurement of the halo.25  Our 

observing strategy, discussed above, should minimize 

SWCX contamination. We are also making observations 

specifically to study SWCX that should improve the 

accuracy with which we can model the remaining SWCX 

emission and, thus, improve the accuracy of our 

measurements of the Milky Way’s halo. 

 

 

Figure 10: Observations obtained to date with HaloSat. Fields already observed are shown as circles 

(smaller than the field of view) with color indicating the total exposure obtained. Stars mark fields that have 

not yet been observed.  The plot is in Galactic coordinates with the center of the Milky Way at the center 

and Galactic North towards the top.  The image is a map of diffuse soft X-ray emission from the ROSAT 

observatory.23 
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The distribution of heliospheric emission is determined 

by the geometry of the target gas.  Neutral interstellar gas 

flows at ~25 km/s through the Solar System, see Figure 

11. This gas, mostly hydrogen but with ~15% helium, 

flows from the Galactic direction (l ~ 3°, b ~ 16°), 

placing the Earth downstream of the Sun in early 

December. The flow of interstellar hydrogen is affected 

by both radiation pressure and gravity, and the hydrogen 

becomes strongly ionized through charge exchange with 

solar protons and photo-ionization so that the hydrogen 

is denser upstream than downstream. In contrast, the 

interstellar helium flow is not strongly ionized but is 

affected mainly by gravity, which focuses the flow 

downstream of the Sun into the “He-focusing cone.” As 

seen from the Sun, the heliospheric SWCX emission 

appears roughly axisymmetric around the interstellar 

wind axis, save for latitudinal variations due to the 

anisotropy of the solar wind flux. For satellites in low 

Earth orbit, the change in vantage point as the Earth 

orbits the Sun induces parallax effects to the heliospheric 

intensity. 

 

Figure 11: He-focusing cone. The figure shows 

emissivity within the ecliptic plane of heliospheric O 

VII solar wind charge exchange (SWCX). The Sun is 

at the center of the figure and distances are marked 

in astronomical units (AU) equal to the Sun-Earth 

distance. The ellipse shows Earth’s orbit.   

The heliospheric OVII and OVIII emission are 

calculated from the interstellar neutral H and He 

distributions and measurements of the solar wind 

provided by solar and heliospheric observatories.26  A 

crucial input to this modeling is knowledge of the O-He 

interaction cross section.27  HaloSat can perform such a 

measurement by observing along the H-focusing cone as 

the Earth passes through and then correlating the 

observed soft X-ray emission with the He distribution 

along the line of sight.  We performed a series of such 

measurements when HaloSat (and the Earth) passed 

through the He-focusing cone in December 2018 with 

observations made at monthly intervals from two months 

before the passage to two months after.  Our preliminary 

spectrum from one month before passage is shown in 

Figure 12.   

The spectrum was fitted with a model of the heliospheric 

emission which has only the normalization as a free 

parameter.  The model also included a broken powerlaw 

for the CXB and a powerlaw for the instrumental 

background.  The SWCX emission model fits very well 

except that the Mg XI line at 1.35 keV is stronger in the 

model than the data.  This likely indicates that the Mg 

ions charge-exchanging to produce this line were less 

abundant in the solar wind than the standard values in the 

reference spectrum.  The HaloSat spectrum shows that 

HaloSat can accurately measure SWCX emission.  These 

observations cannot be done by any other current 

observatory.  These HaloSat measurements will provide 

an accurate measurement of the O-He cross section and 

an absolute scale for the SWCX models. 

CONCLUSIONS 

HaloSat has demonstrated that CubeSats can be the 

effective vehicles for astrophysics research.  The 

commercialization of small satellite technologies 

enabled construction of HaloSat at a modest cost of 

$3.7M. This required accepting already engineered 

solutions with few or no modifications and adapting the 

instrument design to existing capabilities and interfaces 

of the commercial bus and components but resulted in a 

cost far below what would have been required to develop 

all of the components from scratch and also lower risk 

due to the heritage of the subsystems. The success of 

HaloSat should encourage construction of more 

CubeSats for astrophysics using a commercial bus that 

enables the science team to focus their efforts in 

instrument development where their expertise lies. 

One of NASA's key astrophysics science objectives is to 

understand the origin and destiny of the universe. 

HaloSat should enable a significant advance in our 

understanding of the geometry of the hot halo of the 

Milky Way by distinguishing between extended and 

compact halo models and constraining the baryonic mass 

of the Milky Way. 

NASA's key heliophysics science goal is to understand 

the Sun and its interactions with the Earth and the solar 

system.  HaloSat will provide a unique data set for the 

study of the interaction of the solar wind with the 

heliosphere and the magnetosphere via solar wind charge 

exchange emission and enable a new measurement of the 

O-He interaction cross-section. 
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The HaloSat program has helped train the next 

generation of scientists and engineers who will execute 

NASA's future missions. Three graduate students, two of 

whom are writing theses on HaloSat, and nine 

undergraduates in physics, astronomy, and engineering, 

several of whom have won Iowa Space Grant 

Scholarship and one of whom was named the University 

of Iowa’s second most influential undergraduate in 2019 

by College Magazine, have worked on HaloSat. HaloSat 

has trained two postdoctoral research scientists, one of 

whom has moved to a research scientist position at 

NASA/GSFC.  
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Figure 12: HaloSat X-ray spectrum of solar wind charge exchange emission in the He-focusing cone taken 

one month before the Earth passed through the cone. The residuals indicate an underabundance of Mg XI 

ions. 
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